Directed self-assembly of Si containing block copolymers (BCP) is a candidate for next generation patterning technology because it enables both high resolution and high etch contrast. Achieving high resolution requires a high χ parameter. However, it is often difficult to achieve perpendicular patterns by thermal annealing of BCPs with a lower surface energy block, which tends to align with the air interface. New top surface treatment materials that provide a surface energy between those of the blocks have been developed that enable perpendicular pattern alignment with block copolymers that have a low surface energy block.
Introduction
Block copolymers (BCP) can undergo microphase separation [1] to form patterns that include lamellae, hexagonally packed cylinders, and body-centered packing of spheres. The preferred morphology is determined by three factors, the degree of polymerization N, the volume fraction, f and interaction parameter χ [2] . The structures that are produced have typical dimensions on the length scale of 5-50nm [3] . Hence, there is growing interest in exploiting these spontaneously formed patterns for various nanofabrication applications.
Recently, a process that combines electron beam lithography and BCPs has been reported for production of imprint templates that enable manufacturing of hard disk drives with bit patterned media [4] . This is but one example of many in which long range order in the BCP patterns can be achieved by directed self-assembly (DSA) techniques based on grapho-or chemical-epitaxy techniques [5] [6] [7] [8] .
In most cases these demonstrations have been performed using poly(styrene-b-methyl methacrylate) (PS-b-PMMA). However, the minimum feature size that can be achieved by orientation of PS-b-PMMA is approximately 13 nm since the χ parameter for PS-b-PMMA is only 0.037 at 150°C, the temperature near which the system is typically annealed [9] . Furthermore, the etch selectivity between PS and PMMA is not high [10] .
Si containing BCPs such as poly(styreneb-dimethylsiloxane) (PS-b-PDMS) [11] [12] , poly(4-(pentamethyl disiloxymethyl) -b-styrene) [13] , polyhedral oligomeric silsesquioxane (POSS) containing block copolymers [14] or oligosaccharide -block-p-trimethylsilylstyrene [15] which has higher χ parameters than PS-b-PMMA and much higher etch selectivity. Unfortunately, it is difficult to get perpendicular pattern orientation with BCPs of this sort by thermal annealing because the Si containing block has a low surface energy, and tends to segregate to the top surface of a BCP film where it can associate with air, which has a low dielectric constant. In the case of lamellae forming BCPs, lamellae are formed in the plane of the substrate and in case of cylinder forming BCPs, a wetting layer is generated along with cylinders that lay down in the plane of the substrate after annealing [12] . Vertical orientation of patterns has been achieved by solvent annealing [14] [15] , but this approach is not ideal for industrial nanofabrication applications.
Another solution to achieving vertical alignment of these high χ polymers is through use of a surface treatment or "top-coat" (TC). Generally, directed self assembly requires a bottom surface treatment or chemically treated substrate which contains a directing pattern. However, for the high χ materials with a low surface energy block, the bottom surface treatment may not be sufficient. Both the bottom and the top surfaces must be controlled to achieve acceptable alignment.
The classical approach to controlling the surface energy of the bottom layer is to create a crosslinked or covalently bonded, insoluble layer derived from a random copolymer made from the same monomers as the BCP. The obvious solution for control of the top surface is to create a TC that is also composed of a random copolymer of the monomers that constitute the BCP [16] . Unfortunately, such random copolymers cannot be easily spin coated on the BCP since any solvent that would dissolve the random copolymer would surely dissolve or swell the underlying BCP.
The TC must therefore be cast from a solvent such as water, which does not dissolve or swell the BCP. Ideally, this TC could also be removed by dissolving in water after annealing. Of course, polymers that can be spin coated from water typically have very high surface energy and are therefore unlikely to function to control the orientation of high χ BCP materials. Examples of materials that can be cast from water on PS-b-PMMA have been reported [17] , but such a coating is not required to align that BCP.
Deposition of a thin TC can also be accomplished by CVD. In this design, the organic TC layer is removed after annealing by oxygen reactive ion etching. If one of the blocks of the BCP incorporates silicon, etch removal of the TC is not troublesome, but the elegant solution demands a TC that can be spin coated, a process that is compatible with common semiconductor manufacturing.
This can be accomplished through incorporation of pendant β -ketoacid functionality. The ammonium salt of the β -ketoacid can be coated from water but undergoes facile loss of ammonia and decarboxylation with an accompanying large change in surface energy upon baking. This reaction was exploited in the design of water castable, water developable photoresists that were reported earlier [18] . The elegant design of a TC requires a reversible change in polarity such that the TC can be coated from aqueous solution, heated to undergo a large change in surface energy and then, when the annealing step is finished, rendered soluble in an aqueous solvent for removal. The polymer must be very polar to enable coating from aqueous solution and then must undergo some structural change that reduces the surface energy in order to be neutral or nearly neutral relative to the two blocks. The material must undergo some structural change to later be rendered soluble in aqueous media for removal after the annealing is accomplished. See Figure 2 . Certain diacids such as o-phthalic acid and maleic acid readily form cyclic anhydrides upon heating and thereby undergo a significant polarity change [19] [20] . The advantage of using anhydrides is that the polarity change is reversible. Maleic anhydride forms alternating copolymers with certain alkenes such as norbornene and styrene to produce materials that have a high Tg so it is an attractive alternative for the design of TC polymers.
In this paper, the results of studies directed toward the design of TC materials for alignment of high χ BCP materials will be reported.
2.Experimental

Materials
Potassium naphthalenide was prepared according to literature procedure [21] . Styrene and trimethylsilylstyrene (TMSS) monomers were each purified twice by distillation over di-n-butylmagnesium. A surface energy neutralization layer polymer was prepared as reported before [22] . 30% NH 4 OH was used as received.
Synthesis of poly (styrene-b-trimethylsilylstyrene-b-styrene) (P(S-b-TMSS-b-S))
Potassium naphthalenide and α -methylstyrenene were stirred in THF at -78 °C for ca. 2 hours. TMSS was then added into the reactor while ensuring the reactor internal temperature remained less than -65 °C. After 4 hours, styrene was added dropwise to the reactor. After 4 more hours, methanol was rapidly added into the reaction mixture. The resulting tri-block copolymer was precipitated in methanol filtered to yield a white powder that was dried in vacuo. 2.3. Thermal annealing process The surface energy neutralization layer polymer was dissolved in toluene and spin coated on Si wafer to give 10 nm film. The wafer was baked at 250 °C for 5 min to cross link the film then cooled and washed with toluene. P(S-b-TMSS-b-S) was dissolved in toluene and spin coated on the wafer to give a 40 nm thick BCP film. The wafer was baked at 110 °C for 1 min. The TC polymer was dissolved in mixture of NH 4 OH:MeOH=1:3 (ratio by weight) and spin coated onto the P(S-b-TMSS-b-S) film. The wafer was then baked at 150 °C for 1 min to remove the solvent and switch the polarity, then the film stack was annealed at 130 °C for 24 hours on a hot plate under N 2 . After annealing, a mixture of NH 4 OH:MeOH=1:3 (ratio by weight) was dispensed on the rotating wafer to strip the TC film. Finally, the wafer was etched in oxygen RIE to reveal BCP structure.
Etching
Oxygen plasma reactive ion etching was performed with the following settings after annealing process: pressure=20 mTorr, RF=10 W, ICP=50 W, O 2 flow rate=75 sccm, Ar flow rate=75 sccm, temperature=15 °C, time=30 s.
Measurement
Infrared spectra were recorded on a Nicolet Avatar 360 FT-IR.
1 H-NMR spectra were obtained on a Varian Unity Plus 400 MHz instrument. Molecular weights were determined by a gel permeation chromatography (GPC) with polystyrene calibration using a Viscotek Model 270 Dual Detector Platform with a VE 3580 RI detector and 3 I-series Mixed Bed Low Mw columns using THF as an eluent. SAXS measurements were conducted at the National Synchrotron Light Source, Brookhaven National Laboratory. The wavelength of the X-ray beam was 0.137 nm. Scanning electron microscopy was performed on a Zeiss Supra 40 VP. A 5 wt% TC solution gave uniform film on the BCP film. Since the water contact angle of P(S-b-TMSS-b-S) is 102° before annealing, it is not easy to get a high quality film from an aqueous solution. Wettability was achieved by addition of MeOH to the casting solvent, which reduced the surface tension and provided excellent coating uniformity in this case. Moreover, this mixed solvent does not dissolve P(S-b-TMSS-b-S) and does not leave any residue of the TC film after spin coating, baking and stripping. After processing, the film thickness of the TC was less than 1 nm. That is, the TC film is soluble in the mixed solvent again after annealing. The film thickness of the BCP did not change significantly during this processing, which implies that there was no significant mixing during the annealing.
Results and
Conclusion
Polarity switching TC materials have been shown to enable vertical alignment of P(S-b-TMSS-b-S) by thermal annealing. The TC approach to processing BCPs may be general, but it will probably be necessary to tune the surface energy of the TC to produce a layer that is neutral relative to the blocks of each new BCP.
